Abstract: Rapid economic development has posed pressure on water resources, and the potential for a water crisis has become an important obstacle to the sustainable development of society. Water footprint theory and its applications in agriculture provide an important strategic basis for the rational utilization and sustainable development of water resources. Based on the monthly meteorological observations and agricultural data of Shandong Province, CROPWAT 8.0 and Geographic Information System (GIS) technology, the green, blue and grey water footprints of wheat, maize, cotton and groundnut from 1989 to 2016 were calculated and the spatial variations of water footprints for crops in different rainfall years were analyzed. Additionally, assessment of water stress for agricultural productions was conducted in this study. The results showed that the average water footprints of wheat, maize, cotton and groundnut were 2.02 m 3 /kg, 1.24 m 3 /kg, 7.29 m 3 /kg and 1.75 m 3 /kg, respectively in Shandong Province. A large amount of the average total water footprint was calculated for wheat (420.59 × 10 8 m 3 /yr), maize (222.16 × 10 8 m 3 /yr), cotton (72.70 × 10 8 m 3 /yr) and groundnut (50.07 × 10 8 m 3 /yr). The average total water footprint of the four crops was 765.52 × 10 8 m 3 /yr (29.98% blue) and exhibited a gradual decreasing trend over time. Specifically, the total water footprint of wheat was the highest among four main crops in Shandong Province and exhibited a decreasing trend during 1989-2016. The maize was ranked in the second place, and was the only crop still increasing rapidly. The spatial and temporal changes of water footprints for crops were obvious in different rainfall years. Additionally, agricultural productions in most regions were facing the threat of water scarcity. Therefore, the scientific planning of crop planting structures and rational control of sown areas of crops with large water footprints should be implemented in severely water-scarce regions. This study can give some suggestions on the adjustment of planting structure for the sustainable development of agriculture and the realization of efficient utilization of water resources.
Introduction
Water is a key element to human sustenance and socioeconomic activities [1] . However, water scarcity is one of the major problems facing many societies across the world [2] . More than 2.3 billion people will live in severely water-stressed environment by the year 2050 [3] . In order to alleviate the shortage of water resources, the concept of water footprint (WF) [4] was proposed to quantify water resources used. The water footprint founded on the concept of "virtual water, VW" [2] is recognized as a suitable indicator of human occupying freshwater resources and is becoming widely applied to get better awareness of sustainable water use [5, 6] . The WF of crop production is the total amount of freshwater that is consumed and used for diluting pollutants during the crop growing process, and it includes green, blue and grey WFs [2, 7, 8] .
WFs within the agricultural sector have been extensively studied. Most studies were mainly focusing on the WF of crop production, at scales from an irrigation district [9] [10] [11] , a city level region [11] [12] [13] [14] [15] [16] [17] , a river basin [12, [18] [19] [20] [21] [22] , and a country [23] [24] [25] [26] [27] [28] [29] [30] , to the global perspective [31] [32] [33] [34] [35] . Among previous studies, Gobin et al. [36] conducted a calibrated model on wheat, barley, grain maize, oilseed rape, potato and sugar beet. They found that the WF of cereals could be up to 20 times larger than the WF of tuber and root crops; the largest share was attributed to the green WF. Chapagain et al. [37] assessed the water footprint of worldwide cotton consumption. The worldwide consumption of cotton products demanded 256 Gm 3 water per year, out of which about 42% was blue WF, 39% green WF and 19% dilution WF. Chen et al. [38] utilized an interregional input-output model to estimate the WF of each province in China and to quantify the inter-provincial transfer of virtual water. The results showed that provinces with larger populations and greater Gross Domestic Product (GDP) had larger WFs, and developed regions had higher proportions of external WFs. Landon and Megan [39] analyzed drought impacts on the WF from pre-drought conditions (2011) through three years of exceptional drought (2012) (2013) (2014) . The results indicated that drought may strengthen the telecoupling between groundwater withdrawals and distant consumers of agricultural commodities. WF is now mostly being studied at country-level and calculated using average annual climate data provided by FAO's CLIMWAT database.
Agricultural water use varies widely from country to country. At the global scale, it is responsible for about 70% of the human water use [40] . In China, agricultural water use is about 3770 × 10 8 m 3 , accounting for 62.32% of the total water consumption [41] . Shandong Province is one of the major agricultural provinces in China. However, water scarcity is a long-standing and widespread problem in this region, and available water resources per capita volume in Shandong are only 334 m 3 , which is less than 1/6 of China's average [42] . At the same time, rapid population growth and increasing agricultural activities have greatly increased water demand for agricultural productions recently. Therefore, it makes Shandong Province a good test-bed for comprehensive assessment of water footprint and water scarcity pressure for main crops.
In this study, we adopted the monthly climate data for each year from 22 meteorological stations during 1989-2016 in Shandong Province to accurately calculate WFs of crops and to analyze the spatiotemporal variation characteristics of WFs for wheat, maize, cotton and groundnut in different rainfall years. Therefore, the primary objectives of this study are: (1) to comprehensively assess the green, blue, grey and total WFs in the period of 1989-2016; and (2) to estimate the pressure of water scarcity on agriculture productions by combining with blue water pressure index (WPI blue ), then to provide valuable suggestions for adjustment of production layout to reduce agricultural water use in Shandong Province. The results of this present study will provide a baseline for the sustainable use of water resources in this typical water scarce region.
Materials and Methods

Study Area
Shandong Province is located in eastern China (34 • 22.9 -38 • 24.01 N, 114 • 47.5 -122 • 42.3 E) and is divided into 17 prefecture-level regions (Figure 1 ). This province has a warm temperate monsoon climate. The annual mean temperature is 11.2-14.4 • C [43] . The average annual precipitation is 550-950 mm, of which summer rain contributes more, and decreases gradually from southeast to northwest across the province [44] . In this study, the WFs of four kinds of main crops which were the most widely planted crops in Shandong Province, namely, wheat, maize, cotton and groundnut, were analyzed.
Using the average annual precipitation of 679.5 mm in Shandong Province as a baseline [45] , years in which precipitation was >20% higher were humid years, years in which precipitation was >20% lower were drought years, and years in which precipitation was higher or lower within 10% were normal years [46] . According to the precipitation characteristics and the available data sources for WF calculation, years 1990 (934.9 mm), 2002 (417.4 mm), and 2016 (693.9 mm) were categorized as humid, drought and normal years respectively (Figure 2 ). , years in which precipitation was >20% higher were humid years, years in which precipitation was >20% lower were drought years, and years in which precipitation was higher or lower within 10% were normal years [46] . According to the precipitation characteristics and the available data sources for WF calculation, years 1990 (934.9 mm), 2002 (417.4 mm), and 2016 (693.9 mm) were categorized as humid, drought and normal years respectively (Figure 2 ). most widely planted crops in Shandong Province, namely, wheat, maize, cotton and groundnut, were analyzed. Using the average annual precipitation of 679.5 mm in Shandong Province as a baseline [45] , years in which precipitation was >20% higher were humid years, years in which precipitation was >20% lower were drought years, and years in which precipitation was higher or lower within 10% were normal years [46] . According to the precipitation characteristics and the available data sources for WF calculation, years 1990 (934.9 mm), 2002 (417.4 mm), and 2016 (693.9 mm) were categorized as humid, drought and normal years respectively (Figure 2 ). 
Data
The data used to calculate the WF values for crops growth included meteorological observations and agricultural data. The meteorological observations of different regions during 1989-2016 were obtained from the National Meteorological Information Center of China Meteorological Administration [47] , including the monthly average max and min temperature, relative humidity, wind speed, sun hours and precipitation. We selected data from 22 meteorological stations to calculate WF, and selected one for each region. When the meteorological data was incomplete in a region, it was supplemented by the observations of nearby meteorological station. If there was no meteorological station in one region, the meteorological data from a nearby region was selected for calculation. The sown areas, yields and consumption of chemical fertilizers for four main crops were obtained from field investigations, literatures, and Shandong Statistical Yearbook (1990 Yearbook ( -2017 [48] . Crops growth periods were derived from FAO's crops database [49] . Water resources data obtained from Shandong Province Water Resources Bulletin were also used to estimate the pressure of water scarcity on agriculture productions [45].
Methods
WF of a crop production, defined as the ratio of the crop water requirement to crop yield, was calculated based on the framework from Chapagain and Hoekstra ( Figure 3 ) [8] . The yield considers an average quantity of crop produced over the full life span of the crop. WF consists of three components: green (WF green , rainwater), blue (WF blue , irrigation water) and grey (WF grey , freshwater pollution in the production process) [23, 37] . The value of WF is the sum of WF green , WF blue and WF grey [46] : WF = WF green + WF blue + WF grey (1) where WF is the water footprint of crop production (m 3 /kg); WF green is the green water footprint (m 3 /kg); WF blue is the blue water footprint (m 3 /kg) and WF grey is the grey water footprint (m 3 /kg). WF green and WF blue are computed as follows:
where ET green is WF green evapotranspiration (mm); ET blue is WF blue evapotranspiration (mm); Y is the crop yield (kg/ha) and the factor of 10 converts water depth (mm) into water volume per area (m 3 /ha). WF grey is calculated as follows [7] :
where AR is the rate of chemical application to the field per hectare (kg/ha); α is the leaching run-off fraction; c max is the maximum acceptable concentration (10 mg/L) and c nat is the concentration in natural water, assumed to be 0 mg/L [7, 50] . The volume of polluted water depends on both the pollutant load and the adopted permissible limit [46] . Considering the availability of local data, this study selected nitrogen as a representative pollutant, and it was assumed that the nitrogen fraction that reached free flowing water bodies through leaching or runoff equaled 25% of the application rate [51] .
Subsequently, green and blue ETs are calculated as follows:
ET green = min (ET c , P eff )
ET blue = max (0, ET c − P eff ) (6) where ET c is daily crop evapotranspiration (mm); P eff is the effective precipitation over the crop growing period (mm), which is estimated by USDA S.C. Method [49] . Next, daily reference evapotranspiration (ET 0 ) is multiplied by the crop coefficient (K c ) during the corresponding periods which are obtained from CROPWAT 8.0 to calculate the daily evapotranspiration of crop (ET c ) [46] :
Finally, daily reference evapotranspiration is calculated by using the software CROPWAT 8.0 [49] based on the Penman-Monteith model [52] : Next, daily reference evapotranspiration (ET0) is multiplied by the crop coefficient (Kc) during the corresponding periods which are obtained from CROPWAT 8.0 to calculate the daily evapotranspiration of crop (ETc) [46] :
Finally, daily reference evapotranspiration is calculated by using the software CROPWAT 8.0 [49] based on the Penman-Monteith model [52] :
where ET0 is reference crop evapotranspiration (mm/d); Rn is the daily net radiation (MJ/m 2 /d); G is the daily soil heat flux (MJ/m 2 /d); T is the daily mean temperature (°C); U2 is the daily wind speed at 2 m height (m/s); ea is the saturation vapor pressure per day (kPa); ed is the actual vapor pressure per day (kPa); Δ is the slope of the saturation vapor pressure versus air temperature curve (kPa/°C) and γ is the hygrometer constant (kPa/°C). 
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Wheat is the main crop in Shandong Province. The sown area was about 35% of the total area of crops in 2016 [48] . Over the period of 1989-2016, the average WF for wheat production was 2.02 m 3 
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Temporal Change of WF for Wheat
Wheat is the main crop in Shandong Province. The sown area was about 35% of the total area of crops in 2016 [48] . Over the period of 1989-2016, the average WF for wheat production was 2.02 m 3 (Figure 4a ). The WF blue and WF grey of wheat decreased from 1.14 m 3 /kg and 1.29 m 3 /kg in 1989 to 0.60 m 3 /kg and 0.64 m 3 /kg in 2016, respectively. The sharp reduction of the WFs was a result of improved wheat yields. Meanwhile, the WF grey of wheat fell due to the efficient use of fertilizers. 
Temporal Change of WF for Maize
Maize, with a sown area of about 29% of the total area of crops in 2016, is the second major crop in Shandong Province [48] . In the period of 1989-2016, the average WF for maize production was 1.24 m 3 /kg in Shandong Province, and WFgreen, WFblue and WFgrey contributed 28.22%, 20.91% and 50.87%, respectively. In the humid year of 1990, the WF was 1. 
Temporal Change of WF for Cotton
Cotton is a major economic crop in Shandong Province. The sown area was about 4% of the total area of crops in 2016 [48] . In general, cotton needs a lot of water during the growing season. 
Temporal Change of WF for Maize
Maize, with a sown area of about 29% of the total area of crops in 2016, is the second major crop in Shandong Province [48] . In the period of 1989-2016, the average WF for maize production was The WF green was the highest in 1990. The WF blue and WF grey were the highest in 1997 during the 28 years. The WF blue and WF green were the lowest in 2003 and 2013. In addition, the WF grey was the lowest in 2011. There was a clear decreasing tendency in the WF blue over time while the WF green and WF grey were reducing gradually in the study period ( Figure 4b ). The WF blue of maize decreased from 0.50 m 3 /kg in 1989 to 0.22 m 3 /kg in 2016.
Temporal Change of WF for Cotton
Cotton is a major economic crop in Shandong Province. The sown area was about 4% of the total area of crops in 2016 [48] . In general, cotton needs a lot of water during the growing season. Therefore, the adjustment of planting structure and improvement of irrigation technology are helpful to save water. During the period of 1989-2016, the average WF for cotton production was 7.29 m 3 
Temporal Change of WF for Groundnut
Groundnut is one of the main economic crops in Shandong Province. And the sown area was about 7% of the total area of crops in 2016 [48] . Over the period of 1989-2016, the average WF for groundnut production was 1.75 m 3 Figure 5 showed the spatial distribution of WF green , WF blue and WF grey for wheat in different rainfall years in Shandong Province. It could be seen that the WF green of wheat displayed a spatial aggregation pattern (Figure 5a-c) . The WF green was the highest in eastern Shandong while it was the lowest in western Shandong because the local precipitation in the east region was more than that in the west region. In the different rainfall years, the responses of WF green varied in different regions [46] . In the humid year of 1990, which had the highest precipitation among the three years, the WF green was the highest. The areas with higher values were mainly distributed in Heze, Linyi and Zaozhuang. The region with lower WF green mainly distributed in Dezhou, with the value of 0.35 m 3 /kg. In the drought year of 2002, which had the lowest precipitation among the three years, the WF green of all regions displayed decreasing trends compared with that in 1990. The regions with higher values mainly included Weihai and Linyi. The lowest WF green was 0.16 m 3 /kg, which was found in Binzhou. Compared with 2002, the precipitation increased in the normal year of 2016, but the WF green was the lowest among the three years. The area with high value was concentrated in Weihai. However, Dezhou showed the lowest WF green level in 2016. The spatial distribution of WFblue was also assumed to be influenced by the rainfall pattern. It mainly showed dynamic changes among the three years (Figure 5d-f) . In the humid year of 1990, due to low yield in the north central region, the areas with high values were mainly distributed in Jinan, Dongying and Weifang. In the drought year of 2002, the WFblue was the highest of the three years. In the normal year of 2016, the areas with high values decreased compared with those in 2002 and distributed in all regions.
The spatial distribution of the WFgrey followed the pattern of the planting area. In different rainfall years, the high values areas appeared in different regions (Figure 5g-i) . Specially, low WFgrey was found in the middle part of Laiwu. The reason was that the wheat planting area was less in this region. Meanwhile, the WFgrey was lower in the east region in 2016 because of the higher wheat yield and the efficient utilization of fertilizers. The spatial variation of WFgrey in 2002 was more obvious than that in 1990 and 2016. In summary, the WF of wheat was higher in Weihai, Yantai and Linyi while it was the lowest in Laiwu.
Spatial Distribution of WF for Maize
The spatial distribution of WFgreen, WFblue and WFgrey for maize in 1990, 2002 and 2016 in Shandong Province was shown in Figure 6 . In general, the WFgreen of maize displayed a spatial aggregation pattern, with highest in the east regions and lowest in the west regions (Figure 6a-c) . The areas with higher values included Dongying, Binzhou, Yantai, Laiwu and Linyi. The regions with lower WFgreen mainly distributed in the west inland areas, such as Taian, Liaocheng and The spatial distribution of WF blue was also assumed to be influenced by the rainfall pattern. It mainly showed dynamic changes among the three years (Figure 5d-f) . In the humid year of 1990, due to low yield in the north central region, the areas with high values were mainly distributed in Jinan, Dongying and Weifang. In the drought year of 2002, the WF blue was the highest of the three years. In the normal year of 2016, the areas with high values decreased compared with those in 2002 and distributed in all regions.
The spatial distribution of the WF grey followed the pattern of the planting area. In different rainfall years, the high values areas appeared in different regions (Figure 5g-i) . Specially, low WF grey was found in the middle part of Laiwu. The reason was that the wheat planting area was less in this region. Meanwhile, the WF grey was lower in the east region in 2016 because of the higher wheat yield and the efficient utilization of fertilizers. The spatial variation of WF grey in 2002 was more obvious than that in 1990 and 2016. In summary, the WF of wheat was higher in Weihai, Yantai and Linyi while it was the lowest in Laiwu.
The spatial distribution of WF green , WF blue and WF grey for maize in 1990, 2002 and 2016 in Shandong Province was shown in Figure 6 . In general, the WF green of maize displayed a spatial aggregation pattern, with highest in the east regions and lowest in the west regions (Figure 6a-c WFblue of maize mainly showed obvious changes among the three years (Figure 6d-f) . In the humid year of 1990, larger WFblue was found in Binzhou, Dongying and Jinan. This was due to low yields in the north regions. The WFblue in the drought year of 2002 was the highest among the three years in most regions except Dongying and Yantai. In the normal year of 2016, the WFblue was the lowest among the three years, though the WFblue in the east regions was relatively high.
The spatial distribution of the WFgrey of maize decreased from north to south (Figure 6g-i) . In the humid year of 1990, regions with larger WFgrey were located, for example, in Zibo, Binzhou and Dongying. In 2002, the highest values areas were concentrated in the north part of Shandong. The areas with high values were different in 2002 and 2016. In summary, the WF of maize was higher in Qingdao, Binzhou and Jinan while Taian had the lowest WF.
Spatial Distribution of WF for Cotton
For cotton, the results showed that the WFgreen was highest in the middle regions and lowest in the eastern regions (Figure 7a-c) . In the humid year of 1990, the WFgreen was the highest among the three years. The areas with higher values were mainly distributed in Taian, Jinan and Linyi. However, Rizhao and Weihai had the lowest WFgreen, which was 0 m 3 /kg. The reason was that there were no plantings in these regions. WF blue of maize mainly showed obvious changes among the three years (Figure 6d-f) . In the humid year of 1990, larger WF blue was found in Binzhou, Dongying and Jinan. This was due to low yields in the north regions. The WF blue in the drought year of 2002 was the highest among the three years in most regions except Dongying and Yantai. In the normal year of 2016, the WF blue was the lowest among the three years, though the WF blue in the east regions was relatively high.
The spatial distribution of the WF grey of maize decreased from north to south (Figure 6g-i) . In the humid year of 1990, regions with larger WF grey were located, for example, in Zibo, Binzhou and Dongying. In 2002, the highest values areas were concentrated in the north part of Shandong. The areas with high values were different in 2002 and 2016. In summary, the WF of maize was higher in Qingdao, Binzhou and Jinan while Taian had the lowest WF.
For cotton, the results showed that the WF green was highest in the middle regions and lowest in the eastern regions (Figure 7a-c) . In the humid year of 1990, the WF green was the highest among the three years. The areas with higher values were mainly distributed in Taian, Jinan and Linyi. However, Rizhao and Weihai had the lowest WF green , which was 0 m 3 /kg. The reason was that there were no plantings in these regions. The WFblue was highest in Binzhou and Dongying, where cotton was mainly grown. That was because agriculture was a high-water-consuming sector, with high water consumption in areas with large crop production [53] . In 1990 and 2002, the areas with higher values of WFblue were mainly distributed in Binzhou and Jinan. This was due to low yields in the two regions. Compared with 1990 and 2002, the spatial discrepancy of WFblue was relatively small in 2016 (Figure 7d-f) .
Obviously, the WFgrey of cotton was low in eastern Shandong due to the limited planting area of cotton (Figure 7g-i) . However, it was relatively larger in Dongying and Binzhou in different rainfall years. In summary, the WF of cotton was higher in Dongying, Binzhou and Dezhou while Yantai had the lowest WF.
Spatial Distribution of WF for Groundnut
We also calculated the WFgreen, WFblue and WFgrey of groundnut in each region of Shandong Province in 1990, 2002 and 2016. The results showed that WFgreen was higher in the north and central regions, while it was lower in the east regions (Figure 8a-c The WF blue was highest in Binzhou and Dongying, where cotton was mainly grown. That was because agriculture was a high-water-consuming sector, with high water consumption in areas with large crop production [53] . In 1990 and 2002, the areas with higher values of WF blue were mainly distributed in Binzhou and Jinan. This was due to low yields in the two regions. Compared with 1990 and 2002, the spatial discrepancy of WF blue was relatively small in 2016 (Figure 7d-f) .
Obviously, the WF grey of cotton was low in eastern Shandong due to the limited planting area of cotton (Figure 7g-i) . However, it was relatively larger in Dongying and Binzhou in different rainfall years. In summary, the WF of cotton was higher in Dongying, Binzhou and Dezhou while Yantai had the lowest WF.
We also calculated the WF green , WF blue and WF grey of groundnut in each region of Shandong Province in 1990, 2002 and 2016. The results showed that WF green was higher in the north and central regions, while it was lower in the east regions (Figure 8a-c) . In the humid year of 1990, WF green was the highest among the three years. The areas with higher values were mainly distributed in Dongying and Binzhou. However, Rizhao and Qingdao had the lowest WF green , with the values of 0.99 m 3 /kg and 1.02 m 3 /kg, respectively. The reason was that there were higher yields in these regions. WFblue of groundnut presented obvious spatial changes among the three years (Figure 8d-f) . In the humid year of 1990, WFblue was lower in northeast regions than that in southwest regions. In the drought year of 2002, WFblue was the highest among the three years. In the normal year of 2016, the highest WFblue was mainly distributed in east regions while Taian had the lowest WFblue.
The spatial distribution of the WFgrey of groundnut decreased from east to west in different rainfall years (Figure 8g-i) . It was consistent with the planting structure of groundnut in Shandong Province. As can be seen from the figure, there were obvious differences in WFgrey of groundnut between regions in Shandong. In general, the WF of groundnut was higher in Dongying, Yantai and Weihai while Qingdao had the lowest WF.
Trends of Annual Total WF and WFblue for Main Crops
The total WF can reflect types and quantities of water needed for crops growth. During the study period, the average annual total WF was 420.59 × 10 8 m 3 /yr required for wheat production in Shandong Province, of which 14.38% was WFgreen (60. WF blue of groundnut presented obvious spatial changes among the three years (Figure 8d-f) . In the humid year of 1990, WF blue was lower in northeast regions than that in southwest regions. In the drought year of 2002, WF blue was the highest among the three years. In the normal year of 2016, the highest WF blue was mainly distributed in east regions while Taian had the lowest WF blue .
The spatial distribution of the WF grey of groundnut decreased from east to west in different rainfall years (Figure 8g-i) . It was consistent with the planting structure of groundnut in Shandong Province. As can be seen from the figure, there were obvious differences in WF grey of groundnut between regions in Shandong. In general, the WF of groundnut was higher in Dongying, Yantai and Weihai while Qingdao had the lowest WF.
Trends of Annual Total WF and WF blue for Main Crops
The total WF can reflect types and quantities of water needed for crops growth. During the study period, the average annual total WF was 420.59 × 10 8 m 3 /yr required for wheat production in Shandong Province, of which 14.38% was WF green (60.48 Figure 10 showed the trends of the total annual WF, WFblue for four main crops and total blue water resources in Shandong Province. From 1989 to 2016, the average annual total water footprint consumption for four crops in Shandong Province was 765.52 × 10 8 m 3 /yr, of which WFblue (229.53 × 10 8 m 3 /yr) accounted for 29.98%. In addition, the total annual WF and WFblue for four crops presented decreasing trends over the years. The decreasing trends were due to the improvement of irrigation management and fertilizer use efficiency in Shandong Province in recent years. Furthermore, a reasonable planting structure could also result in the decreasing of total annual WF and WFbule. In some drought years, the total volume of water resources was obviously less than the total annual WFblue for four main crops, indicating that blue water crisis existed in these years in Shandong. Figure 10 showed the trends of the total annual WF, WF blue for four main crops and total blue water resources in Shandong Province. From 1989 to 2016, the average annual total water footprint consumption for four crops in Shandong Province was 765.52 × 10 8 m 3 /yr, of which WF blue (229.53 × 10 8 m 3 /yr) accounted for 29.98%. In addition, the total annual WF and WF blue for four crops presented decreasing trends over the years. The decreasing trends were due to the improvement of irrigation management and fertilizer use efficiency in Shandong Province in recent years. Furthermore, a reasonable planting structure could also result in the decreasing of total annual WF and WF bule . In some drought years, the total volume of water resources was obviously less than the total annual WF blue for four main crops, indicating that blue water crisis existed in these years in Shandong.
Pressure of Water Scarcity on Agriculture Productions
The blue water pressure index (WPI blue ), namely the ratio of total WF blue to total blue water resources, was used to evaluate the degree of blue water scarcity, which could reflect the status of water resources in the region. When WPI blue is greater than 0.4, the region is recognized as severe water scarce region [54] . And if WPI blue is greater than 1, this region is facing very serious water scarcity. Based on the results of the total WF blue for four main crops in Shandong Province and combined with the total blue water resources in different regions, we calculated the WPI blue and analyzed the spatial variations of the blue water risk of the main crops in Shandong Province. The data of total water resources for each region was only available in 2015 and 2016, so we analyzed the spatial distribution of WPI blue in these two years.
As is shown in Figure 11 , the WPI blue presented obvious spatial differences in Shandong Province. In 2015, the areas with higher values were mainly distributed in Liaocheng and Qingdao which were 5.17 and 3.05. Because of the severe drought in these two areas in 2015, water resources could not meet the needs of agricultural production. The WPI blue was greater than one, which accounted for 58.82% of the whole province, indicating that most regions in the province were facing the threat of water resources shortage. And Laiwu had the lowest value of 0.51, which was also higher than the warning line of 0.4. In 2016, WPI blue was higher in the northeast than that in other areas. The areas with high values of more than 1.5 were mainly distributed in Dezhou, Liaocheng and Qingdao. Obviously, the drought was still serious in the three regions in 2016. The WPI blue of all regions was greater than 0.4 except Laiwu and Linyi. The blue water pressure index (WPIblue), namely the ratio of total WFblue to total blue water resources, was used to evaluate the degree of blue water scarcity, which could reflect the status of water resources in the region. When WPIblue is greater than 0.4, the region is recognized as severe water scarce region [54] . And if WPIblue is greater than 1, this region is facing very serious water scarcity. Based on the results of the total WFblue for four main crops in Shandong Province and combined with the total blue water resources in different regions, we calculated the WPIblue and analyzed the spatial variations of the blue water risk of the main crops in Shandong Province. The data of total water resources for each region was only available in 2015 and 2016, so we analyzed the spatial distribution of WPIblue in these two years.
As is shown in Figure 11 , the WPIblue presented obvious spatial differences in Shandong Province. In 2015, the areas with higher values were mainly distributed in Liaocheng and Qingdao which were 5.17 and 3.05. Because of the severe drought in these two areas in 2015, water resources could not meet the needs of agricultural production. The WPIblue was greater than one, which accounted for 58.82% of the whole province, indicating that most regions in the province were facing the threat of water resources shortage. And Laiwu had the lowest value of 0.51, which was also higher than the warning line of 0.4. In 2016, WPIblue was higher in the northeast than that in other areas. The areas with high values of more than 1.5 were mainly distributed in Dezhou, Liaocheng and Qingdao. Obviously, the drought was still serious in the three regions in 2016. The WPIblue of all regions was greater than 0.4 except Laiwu and Linyi. In summary, judging from the distribution of the WPIblue in Shandong Province in 2015 and 2016, agricultural productions were facing the threat of water scarcity in most regions of Shandong Province. Especially in the last two years, the drought in Qingdao had been very serious. And the Chanzhi Reservoir, which was the second largest reservoir of Shandong Province, had nearly dried up. Therefore, it was urgent to adjust the planting structure of agriculture reasonably according to the local water resources. In case of insufficient of water, the cotton planting area should be properly controlled in water scarce regions since it needs a lot of water during the growing season. In summary, judging from the distribution of the WPI blue in Shandong Province in 2015 and 2016, agricultural productions were facing the threat of water scarcity in most regions of Shandong Province. Especially in the last two years, the drought in Qingdao had been very serious. And the Chanzhi Reservoir, which was the second largest reservoir of Shandong Province, had nearly dried up. Therefore, it was urgent to adjust the planting structure of agriculture reasonably according to the local water resources. In case of insufficient of water, the cotton planting area should be properly controlled in water scarce regions since it needs a lot of water during the growing season.
Discussion
The main water resources for crops growth are rainfall and irrigation. Rainfall impacts the amount of water footprint and has both annual and inter-annual variations. Therefore, study on the temporal variation trends of crops water footprints and exploration of the distinctions of water footprints between different rainfall years are very important to take advantage of rainfall and to adjust irrigation accordingly. This present study provided more accurate assessment of water consumption and laid a foundation for the adjustment of crop planting structure and the determination of reasonable irrigation quotas.
In the past, several studies had estimated WFs of wheat, maize, cotton and groundnut in Shandong Province. Three previous studies were selected for comparison (Figure 12 ). Comparing the WF green-blue of wheat in the present study with those from previous studies, the WF green-blue in our estimation was smaller than that of Cheng et al. [55] , while it was larger than that of Li [56] and Gao [44] . The WF green-blue of maize in our study was slightly smaller than that of Gao [44] and Cheng et al. [55] while it was almost the same as Li [56] . Additionally, the WF green-blue of cotton in this study was much larger than that of Cheng et al. [55] . The WF green-blue of groundnut in current study was extremely close to that of Cheng et al. [55] while it was much smaller than that of Gao [44] . Compared with previous studies, this current study also estimated WF grey of main crops in Shandong Province. At the same time, the results showed that the WF grey of wheat and maize was larger than WF blue and WF green , which was the most important part of water use during crop production. In addition, monthly meteorological observations for each year from 1989-2016 were adopted in this study instead of the multi-year monthly average data. These discrepancies of WFs were resulted from the differences in calculation models, study periods and the various environments including climatic conditions and soil texture, etc. The main objective of this study is to evaluate water scarcity pressure adopting the widely used method in Shandong Province. However, the results of WFgreen and WFblue calculated by CROPWAT 8.0 may have led to underestimation or overestimation of WF due to the lack of Kc values and accurate dates of growing stages for crops. Additionally, the WFgrey may also be underestimated or overestimated in this study due to the wide variety of fertilizers applied in farmland throughout Shandong Province, the difference in maximum allowable concentrations and the difficulty in collecting accurate data on the amount of fertilizer used. Therefore, it is not enough to give a single value of WF without providing an uncertainty range [5] . Furthermore, sensitivities and uncertainties in the assessment of WF were not provided in this present study. Despite these uncertainties, the results are helpful to assess the problem of water scarcity and to develop wise water management strategies These discrepancies of WFs were resulted from the differences in calculation models, study periods and the various environments including climatic conditions and soil texture, etc. The main objective of this study is to evaluate water scarcity pressure adopting the widely used method in Shandong Province. However, the results of WF green and WF blue calculated by CROPWAT 8.0 may have led to underestimation or overestimation of WF due to the lack of K c values and accurate dates of growing stages for crops. Additionally, the WF grey may also be underestimated or overestimated in this study due to the wide variety of fertilizers applied in farmland throughout Shandong Province, the difference in maximum allowable concentrations and the difficulty in collecting accurate data on the amount of fertilizer used. Therefore, it is not enough to give a single value of WF without providing an uncertainty range [5] . Furthermore, sensitivities and uncertainties in the assessment of WF were not provided in this present study. Despite these uncertainties, the results are helpful to assess the problem of water scarcity and to develop wise water management strategies in Shandong Province [57] .
Three suggestions are put forward based on the results of this present study. First of all, the government should strengthen macro-control and policy guidance on crop production. Total WF is closely related to sown area which is influenced by macro-control. And reasonable prediction of prices of crops can control the sown area, and then total WF will be reduced under the condition of food security. The second, drought and water scarcity cause losses in the agricultural sector, and insurance is a possible instrument to recovery the losses. Therefore, the government ought to encourage farmers to take agricultural insurance [58, 59] . The third, agricultural planting structure and distribution are urgent to be optimized. According to the regional differences in pressure of water scarcity, the scientific planning of crop planting structure and rational control of sown area of crops with large water footprints should be implemented in severely water-scarce regions of Shandong. For example, Weihai and Yantai are not suitable for planting wheat, because the WF of wheat in the regions is greater than that of other regions. Qingdao is not suitable for planting maize due to the higher WF of maize in this region. The WFs of crops can provide an important guidance for the adjustment of agricultural structure in water scarce areas. Some other influential factors should also be considered in deciding the planting structures besides water factor, like planting conditions, farmers' habits, cultural and climatic change [60] [61] [62] . Therefore, the above suggestions from the perspective of the water footprint strategy may be limited.
At the same time, the pressure of water scarcity on agriculture productions should be evaluated more accurately [63] . However, in this current study, we only calculated annual WPI blue at prefecture level due to the lack of data. In our future work, we will adopt remote sensing technology to assess monthly WPI blue at a higher spatial resolution.
Conclusions
Wheat, maize, cotton and groundnut are the main crops in Shandong Province, and the growth of these four crops consumes a great deal of freshwater. This study calculated the WFs of four crops from 1989 to 2016 in Shandong Province and analyzed the spatial distribution of WFs in different rainfall years. The results showed that cotton had the highest WF among the selected crops in 1989-2016. The total annual WF of four crops exhibited a slight decrease over time. Different types of rainfall year had great influences on WFs. During the three years, the areas with higher WF for wheat were found in Weihai, Yantai and Linyi. Therefore, the planting area of wheat should be reduced in these regions. The WF of maize was higher in Qingdao, Binzhou and Jinan. Similarly, the planting area of maize in these regions should also be controlled. The areas with higher WF for cotton were distributed in Dongying, Binzhou and Dezhou. In addition, Dongying, Yantai and Weihai were higher value areas of groundnut WF. Finally, the spatial distribution of WPI blue indicated that agricultural productions were facing the threat of water scarcity in most regions of Shandong Province. Therefore, in order to realize efficient utilization of water resources, it was urgent to reasonably adjust the planting structure of agriculture according to the local water resources. However, it should be noted that several uncertainties remain in this current study, which may be resulted from the calculation models, study periods, climatic conditions and soil texture, etc. Despite these uncertainties, the results will help to assess the problem of water scarcity and to provide valuable suggestions for sustainable utilization of water resources in Shandong Province. In our future study, we will adopt remote sensing technology and develop a comprehensive evaluation method to estimate water footprint more accurately on a large scale and study the flow of water footprint among different regions.
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